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Abstract
A maternal high-fat, high-sucrose (HFS) diet alters offspring glucose and lipid homoeostasis through unknown mechanisms and may be
modulated by folic acid. We investigated the effect of a maternal HFS diet on glucose homoeostasis, expression of genes and proteins
associated with insulin signalling and lipid metabolism and the effect of prenatal folic acid supplementation (HFS/F) in male rat offspring.
Pregnant Sprague–Dawley rats were randomly fed control (CON), HFS or HFS/F diets. Offspring were weaned on CON; at postnatal day 70,
fasting plasma insulin and glucose and liver and skeletal muscle gene and protein expression were measured. Treatment effects were assessed
by one-way ANOVA. Maternal HFS diet induced higher fasting glucose in offspring v. HFS/F (P= 0·027) and down-regulation (P< 0·05) of
genes coding for v-Akt murine thymoma viral oncogene homolog 2, resistin and v-Raf-1 murine leukaemia viral oncogene homolog 1 (Raf1)
in offspring skeletal muscle and acetyl-CoA carboxylase (Acaca), fatty acid synthase and phosphatidylinositol-4,5-biphosphate 3-kinase,
catalytic subunit β in offspring liver. Skeletal muscle neuropeptide Y and hepatic Kruppel-like factor 10 were up-regulated in HFS v. CON
offspring (P< 0·05). Compared with CON, Acaca and Raf1 protein expression levels were significantly lower in HFS offspring. Maternal HFS
induced higher homoeostasis model of assessment index of insulin resistance v. CON (P= 0·030) and HFS/F was associated with higher insulin
(P= 0·016) and lower glucose (P= 0·025). Maternal HFS diet alters offspring insulin sensitivity and de novo hepatic lipogenesis via altered gene
and protein expression, which appears to be potentiated by folate supplementation.
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Epidemiological studies suggest that deleterious prenatal nutrient
environments can lead to an increased risk of chronic disease,
including type 2 diabetes (T2D), in adult offspring(1,2). These
observations have been reconciled into the developmental
origins of health and disease (DOHaD) hypothesis, which pro-
poses that an individual faces elevated chronic disease risk in
adult life when the maternal nutrient environment is incongruent
with the postnatal environment(3). Fetal overnutrition, along with
maternal hyperglycaemia and hyperlipidaemia, has been linked
to both obesity and T2D in adult offspring(4). However, the
mechanisms by which maternal diets effect these persistent
metabolic changes are still poorly understood.
Increased consumption of energy-dense, Western diets(5),

consisting of high levels of refined carbohydrates and lipids, has

been linked to obesity and T2D(6–10). Consequently, high-fat,
high-sucrose (HFS) diets, simulating a Western diet, when fed to
rodent models result in increased body weight and abdominal fat
deposition, hyperinsulinaemia, and hyperglycaemia(11). More-
over, HFS exposure in utero has been shown to alter glucose,
insulin and lipid homoeostasis(12–14) and induces adipose accu-
mulation and fatty liver in adult rodent offspring(13,15). The precise
mechanism by which gestational HFS exposure alters glucose and
insulin homoeostasis and the expression of genes and proteins
associated with insulin signalling and lipid metabolism remains
largely unknown. However, maternal folic acid supplementation
has been shown to modulate inheritance of the deleterious
metabolic effects in offspring(16,17) and prevents the onset
of hypertension, endothelial dysfunction and adiposity(15,18–20).

Abbreviations: Acaca, acetyl-CoA carboxylase; Akt2, V-Akt murine thymoma viral oncogene homolog 2; CON, control; Ct, threshold cycle; Fasn, fatty acid
synthase; HFS, high-fat/high-sucrose; HFS/F, folic-acid-supplemented, high-fat/high-sucrose; HOMA-IR, homoeostasis model of assessment index of insulin
resistance; IR, insulin resistance; Klf10, Kruppel-like factor 10; Pik3cb, phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit β; PVDF,
polyvinylidenedifluoride; T2D, type 2 diabetes; Raf1, V-Raf-1 murine leukaemia viral oncogene homolog 1; Slc2a4, solute carrier family 2, facilitated
GLUT, member 4.
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In the case of insulin sensitivity, there is conflicting evidence on
the potential of gestational folic acid supplementation to
influence this phenotype: prenatal exposure to high folate
appears to induce greater insulin resistance (IR) in
offspring(21,22), whereas a low-folate maternal diet induces
higher body weights and adiposity, IR and high blood pressure
in male offspring(23). As such, further work is required to better
understand the role of folic acid in glucose homoeostasis and its
effect on the inheritance of genes and proteins associated with
insulin signalling and lipid metabolism.
IR, a precursor to T2D, is characterised by a decreased

response to the effects of insulin on the liver and skeletal
muscle, which respectively play central roles in glucose and
lipid metabolism and insulin-mediated glucose uptake(24). The
HFS diet has been observed to alter insulin signalling by
down-regulation of insulin receptor substrate 2 (Irs2) and v-Akt
murine thymoma viral oncogene homolog 2 (Akt2), and to alter
lipid metabolism by up-regulation of fatty acid synthase
(Fasn) in the livers of mice(25) and down-regulation of PPARG
gene expression in the livers of male rats(26). HFS feeding
significantly reduces insulin-stimulated glucose transport by
reducing translocation of the solute carrier family 2, facilitates
GLUT member 4 (Slc2a4) in the skeletal muscle and elevates
serum insulin and TAG levels(27,28). The lipogenic genes acetyl-
CoA carboxylase (Acaca) and Fasn can be trans-activated by
the synergistic actions of insulin and glucose(29) and down-
regulated by PUFA(30,31), so it is likely that an HFS diet may alter
the regulation of these genes. Therefore, investigations of the
expression of these genes and proteins associated with
impaired insulin signalling and dyslipidaemia may provide
useful insights into the mechanism(s) by which a prenatal HFS
diet may influence offspring insulin sensitivity and adiposity.
We hypothesised that an HFS diet fed during pregnancy will

increase body weights, induce IR and down-regulate insulin
signalling and lipid metabolism genes and proteins in the off-
spring, and that folic acid supplementation of the maternal
pregnancy diet will modulate these effects.

Methods

Animal husbandry and experimental diets

All animal protocols were conducted in accordance with animal
husbandry standards established by the Ethics Committee, Faculty
of Medical Sciences, The University of the West Indies, Trinidad
and Tobago. In brief, a total of fifteen pairs of nulliparous female
and male Sprague–Dawley rats, weighing 200–300g, were
obtained from the Animal House facility, Department of Veteri-
nary Medicine, and were housed individually with exposure to a
12h light–12h dark cycle at 23–25°C throughout the experiment.
Female rats were mated monogamously and the date of con-
ception noted. After confirmation of pregnancy, females were
allocated to one of three dietary feeding groups (n 5/dietary
group) from conception date until parturition. The date of par-
turition for each dam was designated postnatal day 0 for the litter.
Food and water were accessed ad libitum. The three experi-
mental diets were prepared commercially (Dyets Inc.) and com-
prised AIN-93G purified rodent control diet (CON: 16% protein,

17% soyabean oil, 11% sucrose and 2mg/kg folic acid)(32); HFS
diet (16% protein, 14% soyabean oil and 26% lard, 40% sucrose
and 2mg/kg folic acid) and folic-acid-supplemented HFS diet
(HFS/F: 16% protein, 14% soyabean oil and 26% from lard, 40%
sucrose and 5mg/kg folic acid). Folic acid concentrations of 2 and
5mg/kg of rodent diet have been used extensively in supple-
mentation investigations(16–18,21,33) given that these levels are
analogous to the recommended daily allowance of folic acid for
adults(34) and expectant women(35), respectively. The complete
compositions of the diets are summarised in Table 1.

After parturition, all dams were fed the CON diet throughout
the lactation period. All litters were standardised to six pups per
litter within 48h to avoid any inequities in energy consumption
among and within the dietary groups during lactation. Birth
weight measurements were not taken to avoid maternal canni-
balisation of the pups(36). Litter weights were measured weekly
for 10 weeks after postnatal day 7. Male offspring were weaned at
postnatal day 28 and maintained on the CON diet, ad libitum. At
postnatal day 70, all animals were euthanised by administration of
a lethal dose of sodium pentobarbital, and dissected along the
ventral midline from the urogenital area to the sternum to expose
the organs. Whole blood was collected in EDTA tubes by cardiac
puncture and centrifuged to obtain plasma, which was stored at
−20oC. The livers and skeletal muscle (gastrocnemius from hind
leg) of the male offspring were collected rapidly and flash-
frozen for storage at −80°C. Only the tissues of the male offspring
were used for these analyses to avoid confounding effects of
hormonal changes in the female offspring during their life cycle,
which may affect weight gain and development(37).

RNA extraction and gene expression assays

RNA was extracted from male offspring liver and skeletal
muscle tissues using the RNeasy Mini kit, according to the
manufacturer’s instructions (Qiagen). Purified RNA was con-
verted to complementary DNA by use of the RT2 first-strand kit

Table 1. Diet compositions fed to Sprague–Dawley rat dams during
pregnancy

Rodent diet

CON HFS HFS/F

Sucrose (g/kg) 100·0 452·0 449·0
Dyetrose® (g/kg)* 132·0 0·0 0·0
Soyabean oil (g/kg) 70·0 70·0 70·0
Lard (g/kg) 0·0 130·0 130·0
Casein (g/kg) 200·0 200·0 200·0
L-Cystine (g/kg) 3·0 3·0 3·0
Maize starch (g/kg) 397·5 47·5 47·5
t-Butylhydroquinone (g/kg) 0·014 0·014 0·014
Cellulose (g/kg) 50·0 50·0 50·0
Mineral mix (g/kg)† 35·0 35·0 35·0
Vitamin mix (g/kg)‡ 10·0 10·0 10·0
Folic acid (mg/kg) 2·0 2·0 5·0
Choline bitartrate (g/kg) 2·5 2·5 2·5
Total energy (kJ/kg) 15731·8 19162·7 19162·7

CON, control; HFS, high-fat/high-sucrose; HFS/F, folic-acid-supplemented, high-fat/
high-sucrose

* Dyetrose® (Dyets), a dextrinised maize starch composed of 90–94% tetrasaccharides.
† AIN-93 mineral mix (Dyet no. 210025)
‡ AIN-93-VX vitamin mix (Dyet no. 310025). All diets provided by Dyets Inc.
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according to the manufacturer’s instructions (Qiagen) and was
stored overnight at −20°C. Gene expression was determined
using the RT2 Profiler PCR Array for the rat insulin signalling
pathway (Qiagen) on an ABI 7500 real-time PCR machine
(Applied Biosystems). The preset dissociation stage for the ABI
7500 real-time PCR machine was included on the thermal
profile as recommended by the manufacturers (Qiagen). The
threshold cycle (Ct) values were obtained from the real-time
PCR and used to calculate fold changes for the genes of interest.

Western blotting

Frozen liver and skeletal muscle tissue were homogenised with
ice-cold RIPA lysis and extraction buffer (Thermo Scientific™)
supplemented with Halt™ Protease and Phosphatase Inhibitor
(Thermo Scientific™) using the TissueLyser II (Qiagen) and
supernatants were obtained by centrifugation at 15000 rpm at 4oC.
Total protein concentration was determined by the Bradford
protein-dye binding assay(38) using the Pierce™ pre-diluted
protein assay Bovine Serum Albumin standards (Thermo
Scientific™). Protein samples (10µg) were electrophoresed on
4–12% SDS-PAGE mini-gels along with an internal protein control,
and transferred onto Immobilon™-P polyvinylidenedifluoride
(PVDF) membranes (Sigma-Aldrich). Non-specific antibody bind-
ing was blocked by incubating the PVDF in Tris-buffered saline
(TBS) containing 0·05% Tween 20 (TBST) containing either 5%
bovine serum albumin or 5% skimmed milk, according to
recommendations on the primary antibody. The PVDF
membranes were subsequently probed with primary antibodies
specific for Acaca, Akt2, B-Raf (1:1000 dilution; Cell Signaling
Technology), Slc2a4 (1:1000 dilution; Santa Cruz Biotechnology
Inc.) and their phosphorylated forms. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) primary antibody (1:1000 dilution;
Cell Signaling Technology) was used as a housekeeping protein
control. Unbound primary antibody was removed by washing
the PVDF three consecutive times in TBST. The PVDF was then
probed with alkaline-phosphatase-conjugated anti-mouse IgG
secondary antibody (1:1000 dilution; Cell Signaling Technology).
Unbound secondary antibody was removed by washing the PVDF
in TBST five times. The blots were developed using Alkaline
Phosphatase conjugate substrate kit (Bio-Rad) and the blot images
were captured with the GeneSnap image acquisition software
(Syngene) and analysed using the ImageJ densitometric software
(US National Institutes of Health).

Fasting plasma glucose and insulin assays

Fasting plasma glucose concentrations were measured using
the ‘Semi-micro’ protocol of the Glucose liquicolor kit as per the
manufacturer’s instructions (Human Diagnostics Worldwide).
Fasting plasma insulin concentrations were determined using
the Rat/Mouse Insulin ELISA ninety-six-well plate assay kit
according to the manufacturer’s instructions (EMD Millipore
Corporation). Insulin values were obtained by extrapolation
from plotting a graph of absorbance at 450 nm, less than that
obtained at 590 nm, on the y-axis against the concentration of
rat insulin standards on the x-axis. The homoeostasis model
assessment index of IR (HOMA-IR), quantitative insulin check

index (QUICKI) and fasting plasma glucose:insulin ratio (FGIR)
were calculated as described by Cacho et al.(39).

Data analysis

A priori and post hoc power analyses were performed using
G*Power 3.1.5 software(40). With an α level of 0·05, power
established at 80% and an effect size of 0·9, the required total
sample size was 18. The hypothesised effect size of 0·9 was
calculated from the descriptive statistics of a previous study(41).
Post hoc calculations using the hypothesised effect size and the
total sample size of 15 (i.e. n 5/group) indicated that the actual
power achieved in this study was 79%.

Data are presented as means with their standard errors. Gene
expression fold change was calculated as 2�ΔΔCt , where ΔCt for
each gene is the Ct of the housekeeping gene, β-actin, subtracted
from the Ct of the gene of interest; Δ(ΔCt) is the ΔCt for the
control samples subtracted from the ΔCt of either the HFS or
HFS/F samples. To analyse the protein expression, the area under
the densitometric graphs (AUC), corresponding to the blot
intensity for each sample, was obtained from the ImageJ software.
The relative density for each protein sample was determined by
dividing the AUC for each sample by the AUC for the internal
protein control used in each Western blot assay. The adjusted
relative density for each protein of interest was normalised by
dividing the relative density for the protein of interest by the
relative density of the housekeeping protein GAPDH. Mean dif-
ferences for the gene and protein expression data were assessed
by one-way ANOVA. Bonferroni’s post hoc test was conducted
for multiple comparisons. For all tests, P< 0·05 was determined to
be statistically significant. All statistical analyses were performed
using SPSS software for Windows version 16.0 (IBM).

Results

Offspring litter weights

There was no significant difference in food consumption patterns
among the dams of the various study groups. Mean litter weights of
CON and HFS/F offspring were significantly lower (P≤0·05) than
the HFS offspring from postnatal week 7 onwards to 10 (Fig. 1).
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Fig. 1. Weekly mean litter weights (g) for the control ( ), high-fat, high-
sucrose ( ) and folic-acid-supplemented high-fat high-sucrose ( )
offspring. * Mean litter weight values were significantly different (P≤ 0·05)
among the dietary groups from postnatal weeks 7 to 10.
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Liver and skeletal muscle gene expression

There were significant treatment effects in offspring liver gene
expression for four genes: Acaca, Fasn, Kruppel-like factor 10
(Klf10) and phosphatidylinositol-4,5-biphosphate 3-kinase,
catalytic subunit β (Pik3cb) (Table 2). Hepatic Acaca (95% CI
0·0188, 0·318) and Pik3cb (95% CI 0·332, 2·47) were
significantly down-regulated in HFS v. CON. Conversely, Klf10
(95% CI 0·0019, 0·0287) expression was significantly
up-regulated in HFS v. CON offspring. However, hepatic Fasn

(95% CI 0·252, 1·33) gene expression was significantly
down-regulated in HFS compared with the HFS/F offspring.

Offspring skeletal muscle gene expression differed
significantly (P<0·05) among the study groups (Table 2). In par-
ticular, Akt2 (95% CI 0·0004, 0·0285), docking protein 3
(Dok3; 95% CI 0·0002, 0·0087), V-Raf-1 murine leukaemia viral
oncogene homolog 1 (Raf1) (95% CI 0·0045, 0·0413), Slc2a4
(95% CI 0·0067, 0·0276) and resistin (Retn) expression levels (95%
CI 0·0004, 0·0027) were significantly (P<0·05) down-regulated
in the HFS v. CON group, respectively. In contrast, neuropeptide
Y (Npy) expression (95% CI 0·0215, 0·489) was significantly
(P<0·05) up-regulated in the HFS v. CON group with an almost
2-fold up-regulation. Cbl proto-oncogene, E3 ubiquitin protein
ligase (Cbl), expression (95% CI 0·0033, 0·0300) was significantly
(P<0·05) down-regulated in HFS compared with HFS/F.

Liver and skeletal muscle protein expression

Liver and skeletal muscle protein expression values are shown
in Table 3. Compared with CON, liver Acaca expression was
significantly reduced with both HFS (P< 0·05) and HFS/F
(P< 0·05) diets. Further, folic acid supplementation of the
maternal HFS diet was unable to prevent the reduction in
hepatic Acaca expression as significant differences were not
observed between the HFS and HFS/F groups (P> 0·05). In
skeletal muscle, maternal HFS diet, but not supplemental folic
acid, resulted in a significant reduction in phosphorylated C-Raf
expression (P< 0·05).

Measures of glucose homoeostasis

Table 4 shows that the offspring from the maternal HFS group
had significantly higher fasting plasma glucose concentrations
than their HFS/F counterparts (P= 0·025), indicating that the

Table 2. Liver and skeletal muscle gene-fold changes among offspring
exposed to prenatal high-fat/high-sucrose (HFS) and folic-acid-
supplemented high-fat/high-sucrose (HFS/F) compared with the control
(CON) diet

Gene expression fold change
compared with CON

Tissues Gene HFS HFS/F P

Liver Acaca 0·272 0·332 0·015*
Fasn 0·133 0·324 0·006**
Klf10 1·240 0·809 0·012*
Pik3cb 0·130 0·604 0·011*

Skeletal muscle Akt2 0·559 0·684 0·038*
Cbl 0·720 1·140 0·014*
Dok3 0·447 0·785 0·040*
Npy 1·900 1·080 0·019*
Raf1 0·444 0·702 0·016*
Retn 0·233 0·659 0·011*
Slc2a4 0·543 0·849 0·002**

Acaca, acetyl-CoA carboxylase; Fasn, fatty acid synthase; Klf10, Kruppel-like factor
10; Pik3cb, phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit β;
Akt2, V-Akt murine thymoma viral oncogene homolog 2; Cbl, Cbl proto-oncogene,
E3 ubiquitin protein ligase; Dok3, docking protein 3; Npy, neuropeptide Y; Raf1,
V-Raf-1 murine leukaemia viral oncogene homolog 1; Retn, resistin; Slc2a4, solute
carrier family 2, facilitated GLUT, member 4.

Gene expression fold changes were significantly different from those of the control
group: * P<0·05, ** P< 0·01.

Table 3. Liver and skeletal muscle protein expression relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (loading control protein) among
offspring exposed to maternal control (CON), high-fat/high-sucrose (HFS) and folic-acid-supplemented high-fat/high-sucrose (HFS/F) diets
(Mean values with their standard errors)

Offspring mean protein expression (n 5)

CON HFS HFS/F

Tissues Protein Mean SEM Mean SEM Mean SEM P

Liver Acaca 1·414 0·230 0·660 0·108 0·699 0·127 0·011*†
pAcaca 0·620 0·123 3·617 2·103 0·680 0·336 0·222
Akt2 0·190 0·056 0·533 0·171 0·460 0·142 0·222
pAkt2 0·472 0·083 0·904 0·113 0·746 0·265 0·320
B-Raf 0·303 0·101 0·309 0·169 0·715 0·150 0·121
pC-Raf 3·683 1·718 21·12 11·26 2·146 0·493 0·118

Skeletal muscle Acaca 0·891 0·300 0·571 0·121 0·653 0·193 0·555
pAcaca 3·087 1·299 1·156 0·517 0·864 0·139 0·252
Akt2 5·500 2·160 2·178 0·971 1·226 0·573 0·170
pAkt2 3·622 1·060 3·580 1·238 2·411 0·541 0·630
B-Raf 0·972 0·536 0·382 0·067 0·851 0·457 0·488
pC-Raf 2·596 0·533 0·871 0·207 1·033 0·363 0·023*
Slc2a4 4·696 1·475 2·859 0·281 2·416 0·216 0·271
pSlc2a4 4·311 1·889 1·741 0·573 1·123 0·404 0·164

Acaca, acetyl-CoA carboxylase; pAcaca, phosphorylated acetyl-CoA carboxylase; Akt2, V-Akt murine thymoma viral oncogene homolog 2; pAkt2, phosphorylated V-Akt murine
thymoma viral oncogene homolog 2; B-Raf, B-Raf proto-oncogene, serine/threonine kinase; pC-Raf, phosphorylated C-Raf proto-oncogene, serine/threonine kinase; Slc2a4,
solute carrier family 2, facilitated GLUT, member 4; pSlc2a4, phosphorylated solute carrier family 2, facilitated GLUT, member 4.

* Mean protein expression levels were significantly different between the control and HFS (P<0·05).
† Mean protein expression levels were significantly different between the control and HFS/F groups (P<0·05).
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folic acid supplementation of the maternal diet prevented
offspring hyperglycaemia. However, fasting plasma insulin
levels were significantly higher in the HFS/F than in the CON
offspring (P= 0·016) (Table 4). Among the study groups,
HOMA-IR was lowest in CON offspring, whereas HFS/F
offspring had the highest values (Table 4), and although there
was an overall treatment effect on HOMA-IR (P= 0·030), post
hoc analysis failed to identify any significant group difference.
CON offspring had significantly higher QUICKI values than the
HFS/F offspring (P= 0·018). In addition, CON offspring had a
significantly (P< 0·05) higher FGIR than their HFS/F counter-
parts. Collectively, the results of QUICKI, FGIR and HOMA-IR
all suggest that the HFS/F maternal diet induced IR in the
offspring.

Discussion

Gestational HFS diet was hypothesised to adversely affect
metabolic pathways associated with T2D, insulin signalling and
lipid metabolism through trans-generational effects on glucose
metabolism, gene and protein expression in the offspring.
Further, folic acid supplementation was also hypothesised to
augment these effects via transcriptional regulatory pathways.
Our results show that prenatal exposure to HFS followed by
post-weaning CON diet predisposed male offspring to
significant hyperglycaemia, impaired de novo lipogenesis and
higher weight gain as compared with offspring exposed to CON
during gestation and post-weaning: these are all findings that
support the DOHaD mismatch paradigm(42).
Altered glucose metabolism in HFS offspring has been

previously demonstrated with prenatal feeding of high-fat
sucrose diets in rodents(11,12). Similarly, a trend of higher glu-
cose and insulin levels has been observed after gestational and
lactation HFS feeding of adult male Sprague–Dawley rats(43).
Our results provide further insights into the mechanism by
which gestational HFS exposure induces hyperglycaemia in
offspring and suggest that this may be a result of modulations in
skeletal muscle gene expression compared with CON via
down-regulation of Akt2 and Raf1. Akt2 phosphorylates Raf1,
which activates the downstream kinases Mek and Erk resulting
in Slc2a4 translocation to the muscle cell membrane and uptake
of glucose(44,45). Hence, down-regulation of skeletal muscle

Akt2 and Raf1 may impair insulin-induced translocation of
Slc2a4, which was confirmed by down-regulation of Slc2a4
gene expression. Akt2-deficient mice had been previously
observed to display impaired glucose homoeostasis in both
liver and skeletal muscle(46), whereas increased Akt protein
expression in skeletal muscle of adult offspring exposed to a
prenatal obesogenic diet improved their insulin sensitivity,
although such a result was unexpected(47). Our results show
that expression of the phosphorylated form of Raf1 protein was
significantly lower in the skeletal muscle of HFS v. CON off-
spring, which implies that Raf1 protein activity is suppressed
and can less efficiently activate effector kinases that promote
insulin-mediated glucose uptake. Further, our findings indicate
that prenatal folic acid- supplementation reduces hyperglycae-
mia induced by gestational HFS diet. Taken together, these
findings could account for the HFS offspring having significantly
higher fasting plasma glucose concentrations than HFS/F off-
spring and non-significantly higher fasting plasma glucose con-
centrations than CON offspring.

Our results also show that HFS offspring were predisposed to
significantly higher weight gain as compared with CON
offspring. Higher weight gain and adiposity have been observed
in male Wistar rat offspring fed HFS during pregnancy and
lactation – an effect that was prevented by maternal methyl-donor
supplementation with a mixture of choline, betaine, folic acid and
vitamin B12

(15,48). Our study shows that similar preventative
effects may be achieved by supplementation of maternal HFS
with 3mg/kg folic acid. Down-regulation of Retn, the hormone
that suppresses the ability of insulin to stimulate glucose uptake
and storage as fat(49), suggests that the excess glucose that is not
being transported into the HFS offspring skeletal muscle may
instead be shunted into adipose tissue. In addition, increased
body mass may also be as a result of up-regulation of Npy in HFS
offspring given that increased Npy secretion in HFS-fed mice has
been shown to induce hyperinsulinaemia, glucose intolerance
and increased visceral fat mass(50).

The results of the hepatic gene and protein expression suggest
impairments in de novo lipogenesis through decreased long-
chain fatty acid synthesis via down-regulation of Acaca and Fasn
in HFS offspring compared with CON and HFS/F. This result was
unexpected given that high-fat, high-carbohydrate diets have
been shown to stimulate hepatic de novo lipogenesis(51).

Table 4. Measures of glucose homoeostasis in male offspring
(Mean values with their standard errors)

Offspring prenatal exposure group (n 5)

CON HFS HFS/F

Variables Mean SEM Mean SEM Mean SEM P (ANOVA)

Glucose concentration (mM) 7·1 0·5 7·5 0·2 5·9 0·2 0·025*
Insulin concentration (pmol/l) 286·1 46·5 438·2 81·9 554·9 15·3 0·016*
HOMA-IR 2·08 0·26 3·43 0·55 3·54 0·21 0·030*
QUICKI 0·271 0·004 0·257 0·005 0·254 0·002 0·018*
FGIR (mg/10−4 U) 3·44 0·61 2·54 0·55 1·34 0·04 0·028*

CON, control; HFS, high-fat/high-sucrose; HFS/F, folic-acid-supplemented, high-fat/high-sucrose; HOMA-IR, homoeostasis model of assessment index; QUICKI, quantitative insulin
sensitivity check index; FGIR, fasting plasma glucose:insulin ratio.

* Mean glucose and insulin concentrations, HOMA-IR, QUICKI and FGIR were significantly different from those of the control group (P<0·05).
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Hyperglycaemia increases hepatic de novo lipogenesis by
stimulating the release of insulin, which positively controls the
lipogenic transcription factor, sterol regulatory element-binding
protein 1c (SREBP-1c)(52). SREBP-1c inturn regulates fatty acid
synthesis by inducing the expression of lipogenic genes such as
Acaca and Fasn(53). However, hepatic SREBP-1c is inhibited by
PUFA, which triggers the degradation of SREBP-1c mRNA(54).
Hence, in the presence of increased metabolic flux of fatty acids
associated with HFS, it seems reasonable that there would be a
down-regulation of fatty acid synthesis as evidenced by
down-regulation of Acaca and Fasn. Interestingly, it appears that
supplemental folic acid (HFS/F) was able to augment this effect
to some extent.
Klf10 is a transcriptional regulator of energy metabolism,

which has been shown to be induced in the liver by glucose
stimulation of carbohydrate response element-binding protein
(ChREBP) in a rodent model(55). Therefore, the hyperglycaemia
experienced by HFS offspring may account for the
up-regulation of Klf10, given that it has been shown that
overexpression of Klf10 inhibits glucose-stimulated ChREBP
target genes such as Fasn and Acaca in rat primary hepato-
cytes(49). It is likely that up-regulation of Klf10 expression may
also contribute to the inhibition of long-chain fatty acid synth-
esis in HFS offspring. Transcription of the Fasn promoter is
stimulated by insulin via the PI3-K signalling pathway(56); as
such, hyperinsulinaemia may be the result of increased Fasn
gene expression as found in the HFS/F offspring. Unpho-
sphorylated Acaca protein expression was also significantly
lower in hepatic tissue of HFS and HFS/F compared with CON
offspring, which is likely to be associated with impaired fatty
acid synthesis. Unlike the gene expression data, there was no
significant difference in unphosphorylated Acaca protein
expression between HFS and HFS/F offspring, indicating that
prenatal folic acid supplementation was unable to improve fatty
acid synthesis. Although the gene expression levels were
significantly different among the treatment groups, the minimal
effects of the HFS diet on protein expression may be due to
varying levels of translation of the genes expressed. Therefore,
the gene expression levels for Akt2, pAkt2, Slc2a4 and pSlc2a4
may not have been high enough to produce significant
differences at the level of translation to protein.
The observed changes in HOMA-IR, FGIR and QUICKI

indices suggest that gestational HFS/F induced significant per-
turbations in glucose homoeostasis. Interestingly, folic acid
supplementation decreased blood glucose, but was associated
with an increase in insulin. As such, HOMA-IR was significantly
lower in CON offspring than HFS and HFS/F, with no difference
between the latter groups, indicating that supplemental folic
acid had no protective effect on IR. We suggest that increased
circulating insulin in HFS/F offspring, despite their low circu-
lating glucose, could be attributed to a reduction in dietary folic
acid as the animals transitioned between the prenatal HFS/F
diet and the postnatal CON diet. It is possible that in utero the
animals might have become programmed to increased folate
requirements and an unsupplemented postnatal CON diet was
associated with the observed impaired HOMA-IR. Unfortu-
nately, we did not measure plasma folate levels, but folate
depletion has been associated with increased hepatic lipid

peroxidation products, an indicator of increased hepatic
oxidative stress(57). Further, decreased folic acid is associated
with altered homocysteine metabolism, given that 5-methyl
tetrahydrofolate remethylates homocysteine to methionine, and
resulting hyperhomocysteinemia has consistently been
associated with hyperinsulinaemia and IR(58). Alternatively, the
level of folic acid supplementation may not have been high
enough to confer a protective effect against IR. A previous study
demonstrated a trend of HFS offspring becoming insulin
resistant, although the treatment effects were not significantly
different(43). Folic acid has been shown to improve insulin
sensitivity in patients with metabolic syndrome(59) and over-
weight adults(60); both attributed to an anti-inflammatory effect
of folic acid(60,61). However, women in Pune, India, who con-
sumed 500 µg of folic acid/d during pregnancy, and had the
highest erythrocyte folate levels, had 6-year-old children with IR
and increased total fat mass(22) in comparison with controls. In
another study by Huang et al.(21), exposure to high folic acid
concentrations (40mg folic acid/kg diet) in utero predisposed
male rat offspring to impaired glucose tolerance and greater IR
than their control and low folic acid (5mg folic acid/kg diet)
counterparts after 8 weeks of high-fat-diet feeding. Our findings
suggest that prenatal exposure to 5mg of folic acid/kg diet
results in significantly higher insulin even in the absence of
postnatal high-fat feeding. This raises concern about the effect
of folic acid on IR given that prolonged hyperinsulinaemia in
HFS/F offspring could result in constant exposure to stimulatory
insulin concentrations and thereby increases in insulin receptor
internalisation and degradation, which could lead to a reduction
in the number of insulin receptors on the cell surface and
eventually IR(62). As mentioned above, there is need for further
studies to define the optimal dose of folic acid needed to
augment the diabetogenic effects of prenatal HFS exposure.

Hyperinsulinaemia observed in HFS/F offspring compared
with their CON counterparts may be attributed to supplemental
folic acid inducing a compensatory over-secretion of insulin in
response to hyperglycaemia caused by the HFS diet. Higher
insulin concentrations would allow increased glucose uptake
by inducing the translocation of glucose transporters; this was
evident in the significantly lower fasting plasma glucose con-
centrations in the HFS/F v. HFS offspring. It is possible that the
effect may be mediated by the Cbl protein, which targets
tyrosine-phosphorylated substrates, such as Irs1 and Irs2, for
proteasome degradation(63,64). As Irs1 and Irs2 phosphorylate
downstream kinases of the insulin signalling pathway resulting
in glucose uptake in the skeletal muscle, it was expected that
significant up-regulation of Cbl could lead to hyperglycaemia.
However, blood glucose concentrations of HFS/F offspring
were significantly lower than HFS. This paradox may be
explained, in part, by the compensatory mechanisms of other
genes that facilitate enhanced glucose uptake. The HFS gesta-
tional diet also seems to predispose the offspring hepatocytes to
decreased downstream insulin signalling, as suggested by
down-regulation of Pik3cb(65), the catalytic p110β subunit of
PI3-kinase, which is involved in signal transduction of insulin.
Furthermore, Pik3cb is a positive regulator of insulin secretion
and therefore the significantly lower Pik3cb gene expression in
the HFS v. CON offspring may account for the lower insulin
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secretion in the HFS offspring(66). It is therefore possible that
suppression of insulin secretion may also account for the
hyperglycaemia observed in the HFS offspring.
Another possible contributor to the onset of IR in the

offspring is high dietary fructose (derived from the sucrose)
content of the HFS diet. Consumption of high-fructose diets
has been associated with induction of IR, impaired glucose
tolerance, hypertriacylglycerolaemia and hyperinsulinaemia
in animal models(67,68) and impaired insulin sensitivity in
humans(69). Fructose metabolism and hyperglycaemia can
result in oxidative damage through the production of reactive
oxygen species(70), and it has been suggested that this oxidative
stress might play a contributory role in the aetiology of IR and
eventually T2D.
It is likely that the differences in gene and protein expression

observed among the CON, HFS and HFS/F offspring may occur
through epigenetic mechanisms. Epigenetics refers to a heri-
table change in gene expression that occurs without DNA
sequence changes and has been proposed to be the mechanism
that links environmental influences, such as maternal diet, to
the aetiology of T2D(71,72). The most widely studied mechanism
is DNA methylation, which involves the reversible transfer of
methyl groups from dietary folic acid to cytosine molecules of
DNA(72). Maternal nutrition and supplements to maternal diets,
such as folic acid, may influence the DNA methylation of the
offspring(73,74). Hence, the observed alterations to the hepatic
fat metabolism and skeletal muscle glucose uptake in HFS off-
spring and IR in the HFS/F offspring may lie in the DNA
methylation of genes related to insulin secretion.

Conclusions

The results of this study provide compelling evidence for the
DOHaD theory of mismatch. Our investigation has shown that
prenatal exposure to HFS diet significantly alters hepatic fat
metabolism and skeletal muscle glucose uptake in male
offspring, at both transcription and translation. In addition, sup-
plementation of the maternal HFS diet with 5mg of folic acid/kg
diet significantly increases circulating insulin and reduces plasma
glucose levels. The HFS diet predisposes offspring to IR as
compared with the CON diet. The results of this study can
potentially have an impact on health policy for T2D by high-
lighting the role of maternal nutrition in the prevention of
adverse metabolic effects related to impaired insulin signalling
and fat metabolism in the offspring. In addition, results from this
study will help to further examine the underlying mechanisms of
the developmental origins of adult health and disease.
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